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ABSTRACT
Quasars at early redshifts (z > 6) with companion galaxies offer unique insights into the growth
and evolution of the first supermassive black holes. Here, we report on a 150 ks Chandra observation
of PSO J308.0416−21.2339, a z = 6.23 quasar with a merging companion galaxy identified in [C II]
and rest-frame UV emission. With 72.3+9.6−8.6 net counts, we find that PSO J308.0416−21.2339 is pow-
erful (LX = 2.31
+1.14
−0.76 × 1045 erg s−1 cm−2 in rest frame 2.0 − 10.0 keV) yet soft (spectral power-law
index Γ = 2.39+0.37−0.36 and optical-to-X-ray slope αOX = −1.41 ± 0.11). In addition, we detect three
hard-energy photons 2.′′0 to the west of the main quasar, cospatial with the brightest UV emission
of the merging companion. As no soft energy photons are detected in the same area, this is poten-
tially indicative of a highly-obscured source. With conservative assumptions, and accounting for both
background fluctuations and the extended wings of the quasar’s emission, these photons represent a
2.4σ detection. If confirmed by deeper observations, this system is the first high redshift quasar and
companion individually detected in X-rays and is likely a dual AGN.
Keywords: cosmology: observations — cosmology: early universe — quasars: individual (PSO
J308.0416−21.2339)
1. INTRODUCTION
In recent years, the number of known quasars seen in
the first billion years of the Universe (z & 5.7) has ex-
ploded (e.g., Venemans et al. 2015; Ban˜ados et al. 2016;
Yang et al. 2019), allowing new insights (e.g., Eilers et al.
2017; Davies et al. 2019) into the populations of the ear-
liest supermassive black holes (SMBHs). However, ex-
plaining the formation and initial evolution of these ob-
jects remains an outstanding challenge (Smith & Bromm
2019). To this end, X-ray observations of these quasars
are critical, as they provide the best view of the inner
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regions of the Active Galactic Nucleus (AGN) powering
the quasar emission (Fabian 2016).
To date, most of the X-ray analyses of these quasars
have focused on individual objects, and the current pop-
ulation of observed high-redshift quasars is both small
and mostly only barely detected (Nanni et al. 2017;
Vito et al. 2019b). Nevertheless, studies of individual
quasars are still highly fruitful at characterizing mech-
anisms for early SMBH growth. For example, Ban˜ados
et al. (2018) showed that AGN are already X-ray lumi-
nous at z = 7.5, Vito et al. (2019a) identified a heavily
obscured quasar candidate in a z = 6.5 quasar/galaxy
pair, and Nanni et al. (2018) found potential evidence
of AGN variability and of jets from a z = 6.3 quasar.
Of particular interest is PSO J308.0416−21.2339
(hereafter PJ308−21), a quasar at z = 6.2341 ± 0.0005
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Figure 1. Left: Chandra observation of PJ308−21, in the energy range 0.5 − 7.0 keV. The image is binned to pixels of size
0.49′′, and the source and background regions are marked by a blue circle and yellow annulus, respectively. The quasar is
strongly detected, and there are no other sources in the background region. We show in red the position of the candidate
companion detection discussed in Section 4. Right: X-ray spectrum of PJ308−21 (blue), with 100 well-fitting spectra underlaid
(yellow). The spectrum is binned for ease of display, but fitting was performed on unbinned data. The 100 mock spectra are
drawn from a Monte Carlo sampling of the fit, as described in the text.
discovered by Ban˜ados et al. (2016) and whose systemic
redshift is accurately measured from the [C II] emission
of its host galaxy (Decarli et al. 2018). With shallow
(∼10 min on-source) Atacama Large Millimeter Array
(ALMA) observations, Decarli et al. (2017) found that
the quasar has a [C II]-bright companion. Followup
deeper and higher-resolution observations with ALMA
and the Hubble Space Telescope (HST ) by Decarli et al.
(2019) showed that the companion is visible on both
sides of the quasar, spanning over 4.′′0 (20 kpc), and
its kinematics can be explained by a toy model of a
satellite galaxy being tidally stripped as it passes close
to the quasar host galaxy. This makes PJ308−21 one of
the earliest galaxy mergers ever imaged (Decarli et al.
2019).
In this letter, we describe X-ray observations of
PJ308−21 with Chandra, which are among the deepest
X-ray observations of a z > 6 quasar yet taken. One of
the main objectives of our study was to see if the [C II]-
bright companion could host a faint AGN; given that
the first SMBHs likely grew through galaxy mergers, the
chances of finding lower luminosity AGN are enhanced
around the most distant quasars (Reines & Comastri
2016). We describe our observations in Section 2 and
report the X-ray properties of the optically-selected
quasar in Section 3. In Section 4 we present a potential
X-ray (heavily obscured) counterpart to the companion
galaxy seen by ALMA and HST. Finally, in Section 5
we discuss our results and implications. We use a flat
cosmology with H0 = 70 km s
−1 Mpc−1, ΩM = 0.3, and
ΩΛ = 0.7. We assume a Galactic absorption column
density toward PJ308−21 of NH = 4.02 × 1020 cm−2
(Kalberla et al. 2005). We adopt a quasar redshift of
z = 6.234; at this redshift, the scale is 5.59 kpc arcsec−1.
Errors are reported at the 1σ (68%) confidence level un-
less otherwise stated. Upper limits correspond to 3σ
limits.
2. OBSERVATIONS AND DATA REDUCTION
We observed PJ308−21 with the the Advanced CCD
Imaging Spectrometer (ACIS; Garmire et al. 2003) on
Chandra for a total of 150.92 ks as part of Sequence
Number 703573. Observations were distributed across
three visits: on 2018 August 27 (44.48 ks, Obs ID:
20470), 2018 August 29 (73.37 ks, Obs ID: 21725),
and 2018 August 30 (33.07 ks, Obs ID: 21726). The
detection image is shown in Figure 1. This is the
second-deepest Chandra observation of a z & 6 quasar
(Nanni et al. 2018) and third-deepest observation of this
high-redshift population with either Chandra or XMM-
Newton (Page et al. 2014 and Moretti et al. 2014; see
Nanni et al. 2017 for a full list). Observations were
conducted with the Very Faint telemetry format and
the Timed Exposure mode, and Chandra was pointed
so that PJ308−21 fell on the ACIS-S3 chip. We ana-
lyzed these data using CIAO version 4.11 (Fruscione et al.
2006) and CALDB version 4.8.2. We used the ACIS
standard filters for event grades (0, 2, 3, 4, and 6) and
good time intervals. Observations were reduced with
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Figure 2. Greyscale image of X-ray observations of PJ308−21, with ALMA [C II] contours (yellow) and HST rest-frame UV
contours (blue) from Decarli et al. (2019) overlaid. On the left and right, the quasar is shown in the soft (0.5–2.0 keV) and
hard (2.0–7.0 keV) energy bands, respectively. A faint X-ray source to the west of the quasar is seen only in the hard band,
coincident with the bright UV knot “W” reported by Decarli et al. (2019). PJ308−21 (“Q”) and “W” are indicated by the blue
and red circles, respectively. The bright object to the NE of the quasar in the HST imaging is a foreground source.
chandra repro with the parameter check vf pha=yes
to reduce the quiescent background.
Observations were combined using the merge obs rou-
tine to create images in the broad (0.5–7.0 keV) energy
band for spatial analysis. The quasar is shown in the
left panel of Figure 1. For spectral analysis, we used
specextract to extract a source spectrum from 0.5−7.0
keV (3.6 − 50.6 keV in the quasar rest frame) within a
circular region of radius 1.′′5 and a background from an
annular region of inner radius 10.′′0 and width 30.′′0, both
centered on PJ308−21. We detect 72.3+9.6−8.6 background-
subtracted net counts from the source in the 0.5-7.0 keV
spectral range. Spectral analysis was conducted using
XSPEC v12.9.1p (Arnaud 1996) via the pyXspec utility.
Due to the relatively low number of counts for Gaussian
analysis (see, e.g., Arzner et al. 2007 and Humphrey
et al. 2009 for further discussion), we did not bin our
spectra, and used the modified C-statistic (Cash 1979;
Wachter et al. 1979) to determine the best-fitting param-
eters. The quasar spectrum was modeled as a power law
with Galactic dust absorption, using the xspec models
phabs×powerlaw, and with rest-frame dust absorption
included, using the models zphabs×phabs×powerlaw.
The binned spectrum is shown in Figure 1.
3. PROPERTIES OF PJ308−21
We first quantified the X-ray hardness ratio1 using
the Bayesian techniques described by Park et al. (2006).
We assumed uniform (Jeffreys) priors and integrated the
posterior distribution with Gaussian quadrature. The
hardness ratio of PJ308−21 is HR = −0.48+0.11−0.10 across
the observed 0.5–2.0 keV and 2.0–7.0 keV bands. The
quasar spectrum is fairly soft, in agreement with broader
population trends reported by Nanni et al. (2017). Soft
and hard-band images of PJ308−21 are shown in Figure
2.
From the best-fit of the quasar spectrum, we find that
the power-law index Γ = 2.39+0.37−0.36 and the luminos-
ity from 2.0–10.0 keV (rest frame) is LX = 2.31
+1.14
−0.76 ×
1045 erg s−1 cm−2. Errors were computed by evaluating
the Cash statistic, C, across the distribution of model
parameters for powerlaw; uncertainties on Γ include all
values where offsets from the best-fitting Cash statistic
∆C ≤ 2.30 (two free parameters, e.g., Lampton et al.
1976). For LX , model luminosities were computed for
every set of parameters, and the reported uncertainties
include all models with ∆C ≤ 2.30. As a cross-check,
we also produced 100 fake spectra using the XSPEC
1 HR = (H−S)/(H+S), where H and S are the net counts in
the hard (2.0–7.0 keV) and soft (0.5–2.0 keV) bands, respectively.
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Figure 3. Comparison between the expected PSF of a single source in hard energies to the observed structure. Left: nine
simulated PSFs, as described in the text. Center: the summed PSF from 1,000 simulations. Right: the observed hard energy
X-ray flux around PJ308−21. All images cover the same region shown in Figure 2, and the blue and red circles show the same
regions shown in that figure. The excess structure observed to the west is not consistent with being produced by the PSF alone.
Note that in the central panel flux is scaled logarithmically over a larger range than in the right panel to show the extended
wings of the PSF.
fakeit command drawn from a Monte Carlo sampling
of the spectral fit; these are shown in Figure 1.
We also consider the case where there is absorp-
tion at the redshift of the quasar. To do this,
we modeled the emission with the xspec models
phabs×zphabs×powerlaw. Here, phabs is left to the
Galactic value, but zphabs is set to redshift z = 6.234
with absorbing column density nH,z allowed to vary.
With three free parameters, the errors include all
values with ∆C ≤ 3.53. For this model, we find
Γ = 2.8+1.1−0.7, LX = 4.9
+25.5
−3.3 × 1045 erg s−1 cm−2 and
nH,z = 2.4
+5.5
−2.4 × 1024 cm−2. Unsurprisingly, nH,z is
not well constrained, as in the high rest-frame energies
we probe, variations in the spectral shape are minimal
for column densities of nH,z < 10
24 cm−2. As including
the extra term provides no meaningful constraints, and
since the presence of broad lines in the optical spectrum
implies a column density of nH,z . 1022 cm−2 – which
our spectrum is not sensitive to – we hereafter only
consider the results when zphabs is not included.
Finally, we consider the X-ray-to-Optical power law
slope, αOX, defined as
αOX = 0.3838× log(L2 keV/L2500 A˚), (1)
where L2 keV and L2500 A˚ are the monochromatic lumi-
nosities at rest-frame 2 keV and 2500A˚, respectively.
We compute L
2500 A˚ from the previously reported value
of m1450 = 20.46 (Ban˜ados et al. 2016); to make this
conversion, we assume that flux in this spectral region
scales as fν ∝ ναν and adopt αν = −0.3, the value used
to compute m1450 by Ban˜ados et al. (2016). We find
αOX = −1.41± 0.11.
To provide further context for the properties of
PJ308−21, we also report here measurements of the
quasar’s black hole mass and Eddington ratio, taken
from an upcoming analysis of high-redshift quasars (Fa-
rina et al. and Schindler et al. in preparation); these
results come from single epoch virial estimators derived
using the Mg II line detected in the near-infrared spec-
trum. They find a black hole mass of 1 × 109M and
an Eddington ratio of 1.4, where the statistical uncer-
tainties are dwarfed by the roughly 0.55 dex systematic
uncertainties on both quantities inherent in this tech-
nique (Onken et al. 2004; Vestergaard & Peterson 2006).
4. POTENTIAL COMPANIONS
One reason PJ308−21 was observed was to look for
X-ray counterparts to the companion first observed by
Decarli et al. (2017) and later by Decarli et al. (2019).
In Figure 2 we show the area around PJ308−21 in the
soft and hard energy bands, with the [C II] emission
contours and HST rest-frame UV contours from Decarli
et al. (2019) overplotted. While there does not appear
to be any structure to the east of the quasar, three
closely-spaced hard X-ray photons were detected just
to the west of PJ308−21, coincident with a bright knot
of stellar light observed by HST. These photons align
with the outer extent of the [C II] emission and have
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no corresponding soft band photons, highly-suggestive
of a heavily-obscured quasar. Below, we discuss the two
regions (west and east) separately.
We begin with the three photons to the west. To esti-
mate the probability that these photons arise solely from
the background, we use binomial statistics to calculate
probabilities, as described by Weisskopf et al. (2007) and
Lansbury et al. (2014). We count three photons within
a standard 1.′′0 aperture in the traditional ACIS hard
energy range (2.0− 7.0 keV, e.g., Evans et al. 2010); we
also extracted a background centered on our target in
the same annulus used for spectroscopic analysis. We
find the probability of these sources arising from the
background alone to be P = 0.011 (2.5σ). Similarly,
we randomly placed 10,000 1.′′0 radius apertures in the
vicinity of PJ308−21, excluding the 5.′′0 closest to the
quasar, and counted the number of apertures that have
at least 3 hard X-ray counts; from this, we estimate the
probability of three counts in this small of an aperture
to be P = 0.013 (2.5σ).
Of course, the emission can also be influenced by the
presence of the nearby X-ray bright source, PJ308−21.
In all three observations, PJ308−21 was observed al-
most on-axis, such that the expected PSF should be
small. To test this, we simulated 1,000 observations
of a monochromatic 4 keV point source located at the
position of PJ308−21 using the Chandra Ray Tracer
(ChaRT). The ChaRT output was in turn processed by
marx v 5.4.0 (Davis et al. 2012) to generate synthetic
PSF images. Nine of these images are shown in Figure
3, as is the combination of all 1,000 simulations. As
shown in that figure, the three counts do not normally
arise from the PSF; the expectation is for the PSF to
only contribute 0.108 counts to the site of the potential
companion, based on the flux in the inner 1.′′5. Com-
bining the effects of the PSF and the background, the
probability of these three counts appearing by chance is
still only P = 0.018, or 2.4σ.
It should be noted that we have adopted several con-
servative restrictions, and that by relaxing these the
statistical significance could be increased – notably a
smaller aperture or a more restricted energy range. Ad-
ditionally, a fourth hard energy photon in the com-
panion aperture was excised through the choice to set
check vf pha=yes in the original reprocessing. Use of
this mode is cautioned, as it may reject real events near
bright sources2. However, even with these conservative
choices, there is still a > 2σ detection, and this detec-
tion is coincident not only with the blue-shifted [C II]
2 See http://cxc.harvard.edu/ciao/why/aciscleanvf.html#real
events
emission reported by Decarli et al. (2019) but also with
the brightest knot of starlight identified in that work in
HST imaging.
Conversely, to the east, where Decarli et al. (2017)
first detected a companion in lower-resolution [C II]
imaging, we detect zero photons from 0.5 − 7.0 keV.
From Poisson statistics, 0 detected counts corre-
sponds to a 3σ event when 6.607 counts are ex-
pected (that is, P (0;λ = 6.607) = 0.00135). Using
fakeit, we generated synthetic spectra from models of
phabs×zphabs×powerlaw, at fixed redshift and Galac-
tic nH . For three values of Γ and a progression of
redshifted column density, NH,z, we determined the
normalization that produced an expectation of 6.607
counts for our integration – the luminosity of these
models represent 3σ limits on any potential companion
to the east given potential obscurations or power law
indices. If there is a hidden quasar, it must be some
combination of highly shrouded, low luminosity, or have
a high value of Γ. We show these limits in Figure 4.
Similarly, for the companion to the west, we fit the
observed spectrum with the same model at fixed val-
ues of NH,z and Γ; the computed luminosities with 1σ
uncertainties are shown in the right panel of Figure 4.
5. DISCUSSION
While the average value of the X-ray spectral power-
law index, Γ, for z > 5.7 quasars is Γ ∼ 1.9 (Nanni et al.
2017), we found the spectrum of PJ308−21 was best fit
with a softer value, Γ = 2.39+0.37−0.36, which is one of the
softest values for z > 6 quasars yet found (only consider-
ing those with reasonable constraints; Vito et al. 2019b).
A number of recent works have found a correlation be-
tween Γ and the Eddington ratio (e.g., Shemmer et al.
2008, Brightman et al. 2013, Brightman et al. 2016; this
is not without some controversy though, e.g., Trakht-
enbrot et al. 2017, Wang et al. 2019). Similarly, sim-
ulations (e.g., Hopkins et al. 2006) predict that major
mergers drive high accretion rates in AGN. Therefore,
since this system is actively merging (Decarli et al. 2019)
and accreting above the Eddington limit, the high value
of Γ might be expected.
PJ308−21 has a relatively high value of αOX (−1.41±
0.11) for the value of L
2500 A˚ we find for PJ308−21
(1.4×1032 erg s−1 Hz−1); we would expect αOX ∼ −1.81
from the relationship of Martocchia et al. (2017, c.f., Fig-
ure 3 of Ban˜ados et al. 2018). αOX provides a measure
of the relative strengths of the UV-bright accretion disk
and the X-ray emitting corona, and the trend of decreas-
ing αOX with increasing L2500 A˚ is therefore nominally
indicative of increased UV luminosity suppressing X-ray
emission, potentially by pushing the corona further from
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Figure 4. Left: 3σ upper limits on the unabsorbed rest-frame luminosity of any non-detected companions to the east of
PJ308−21 for three separate assumed values of power-law index Γ, as described in the text. Right: best-fit luminosities with
1σ uncertainties on the unabsorbed rest-frame luminosity of the candidate obscured detection to the west of PJ308−21 for two
assumed values of rest-frame column density. In both panels, the X-ray luminosity of PJ308−21 is indicated by the dashed lines.
We also scale that value by the IR luminosities reported by Decarli et al. (2019) for each companion to provide a rough idea of
their expected X-ray luminosities; these scaled values are marked by the dot-dashed lines. If either region of the companion is
host to a quasar, that quasar must be some combination of X-ray faint, heavily dust obscured, and/or have a steep power-law
index.
the AGN and reducing the photon flux it receives. Lusso
& Risaliti (2016) report that the scatter in this rela-
tion is fairly low when accounting for systematics, yet
PJ308−21 is the largest outlier for z > 6 quasars in the
high-UV luminosity regime (Vito et al. 2019b). Vignali
et al. (2018) report similar behavior for two intermediate
redshift (z ∼ 3) quasars with close companions, finding
that the quasars are more luminous than expected in
the rest-frame UV.
We also report on a potential detection of the gas-rich
companion as a heavily-obscured X-ray source. While
only three counts are observed in hard X-rays, they are
coincident with the extended [C II] emission and bright-
est rest-frame UV knot reported by Decarli et al. (2019).
Recently, Circosta et al. (2019) showed that the host
galaxies of z > 2.5 AGN can provide significant lev-
els of obscuration; from the toy model for this system
presented by Decarli et al. (2019), we expect to be look-
ing through the edge-on leading edge of the companion
galaxy. Thus, the non-detection in soft X-rays is not
surprising.
It is also worth considering PJ308−21 in the context
of PSOJ167−13 (z = 6.5). Both quasars have [C II]
bright companions (Decarli et al. 2017; Willott et al.
2017) reminiscent of ongoing mergers, and these are the
only systems at redshifts z > 6 with companions de-
tected in [C II] and in rest-frame UV (Decarli et al. 2019;
Mazzucchelli et al. 2019; Neeleman et al. 2019). While
here we report that PJ308−21 is X-ray luminous and its
companion may host a heavily-obscured X-ray source, in
an analysis of PSOJ167−13 (z = 6.5) Vito et al. (2019a)
report a detection of only one source, which also ap-
pears to be heavily-obscured. That these two quasars
beyond z > 6 have both rest-frame UV-bright compan-
ions and heavily obscured quasar candidates may be in
keeping with the prediction of Circosta et al. (2019) that
the host’s interstellar medium is capable of producing
significant column densities of nH around high-redshift
quasars.
The results presented here required 150 ks of obser-
vations with Chandra; despite this, the detection of a
companion is only at the ∼2.5σ level. This work, as
well as that of Vito et al. (2019a), Ban˜ados et al. (2018),
and Nanni et al. (2018), are pushing the current genera-
tion of X-ray telescopes to their limits. Future missions
with high resolution and/or improved collecting areas,
such as Lynx (Gaskin et al. 2019), AXIS (Mushotzky
et al. 2019), and Athena (Nandra et al. 2013), will be
necessary to advance our understanding of the earliest
quasars.
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